Abstract. The effect of Si on the efficiency of carbon partitioning during quenching and partitioning (Q&P) processing of stainless steels was studied. For this purpose, 2 mass-% Si was added to a Fe-13Cr-0.47C reference steel. The Si-free (reference) and Si-added steels were subjected to Q&P cycles in dilatometer. The carbon enrichment of austenite in both steels was evaluated by determining the temperature interval between the quench temperature and the martensite start temperature of secondary martensite formed during final cooling to room temperature. In Q&P cycles with comparable martensite fractions at the quench temperature, the carbon enrichment of austenite after partitioning was similar for both steels. To compare the mechanical stability of austenite, Q&P-processed specimens of both steels were tensile tested in the temperature range 20-200 °C. The quench and partitioning temperatures were room temperature and 450 °C, respectively. Si addition had no meaningful influence on mechanical stability of austenite. The results indicate that the suppression of cementite formation by Si addition to stainless steels, as confirmed by transmission electron microscopy examinations, has no noticeable influence on the carbon enrichment of austenite in the partitioning step.
Introduction
Introduction of retained austenite (RA) in the microstructure of martensitic steels has been one of the focuses in recent advanced high strength steel developments, with the aim to enhance the ductility of steels without severe sacrifice of the strength. This objective may be achieved by appropriate alloy and processing design. Due to its simplicity and efficiency in stabilizing austenite, a thermal processing method known as quenching and partitioning (Q&P) processing has received especial attention [1] [2] [3] [4] [5] . This heat treatment consists of quenching austenite to a temperature between martensite start (Ms) and finish (Mf) temperatures, followed by a partitioning treatment at higher temperatures to allow the diffusion of carbon from martensite to austenite, therefore stabilizing austenite at room temperature (RT) [6] . As the precipitation of carbides competes with the carbon enrichment of austenite, Q&P steels are usually alloyed with Si [7] [8] [9] . Si is known to suppress the formation of cementite, presumably due to its extremely low solubility in cementite [10] . Dilatometry experiments have indicated that the onset of cementite during continuous heating of low-alloy steels with 0.7 mass-% C is raised by approximately 200 °C by the addition of 2 mass-% Si [10] . Nevertheless, evidences of cementite formation in low-alloy martensitic steels containing up to 2 mass-% Si have been presented after tempering at relatively high temperatures [11, 12] . In theory, if carbide precipitation is inhibited, more carbon is available for partitioning into RA. Accordingly, Si addition has been reported to increase the final RA fractions [13] or raise the carbon concentration of Q&P-processed carbon and low-alloy steels [14, 15] . As an example, carbon partitioning between martensite and austenite was negligible in the Fe-1.1C-3Mn steel (concentrations in mass-%) partitioned at 300 °C, but it was noticeable in the steel containing 2 mass-% Si after applying the same Q&P routine [16] . The enhanced carbon enrichment of partitioned austenite upon Si addition occurs mostly during the formation of carbide-free bainite [17] [18] [19] . The latter is a result of isothermal decomposition of austenite in the partitioning step of carbon and low-alloy steels and is a common problem encountered during the Q&P processing of such steels [20] [21] [22] . In the case of stainless steels, on the other hand, the transformation of RA into bainite is inhibited by the presence of high Cr contents [23] which makes them ideal candidates for the Q&P processing. Nevertheless, the presence of high Cr contents is not effective against the formation of M3C cementite (M denotes Fe and substitutional elements) [24] . The precipitation of cementite in martensitic stainless steels can be retarded by the addition of Si [25] . Accordingly, Si addition to stainless steels is expected to enhance the carbon partitioning efficiency. Tobata et al. reported an increase in the fraction of RA in Q&P-processed martensitic stainless steels upon the addition of Si which was ascribed to the reduced M3C formation [26] . Nevertheless, although carbon concentration in the partitioned austenite was not given, the variation of austenite lattice parameter during partitioning was similar for the Si-free and Si-added steels. The lack of convincing experimental proof for the theoretical expectation of enhanced carbon enrichment of austenite in the absence of M3C precipitates casts doubt on the efficiency of Si on the Q&P response of steels. The present study aims at clarifying the role of Si in the Q&P processing of stainless steels. For this purpose, Si-added and Si-free steels were subjected to Q&P cycles in dilatometry to evaluate the carbon enrichment of RA. Furthermore, the mechanical stability of austenite was compared by tensile testing of Q&P steels at temperatures ranging from RT to 200 °C.
Experimental procedure
Steels with the chemical compositions shown in Table 1 were produced in a vacuum induction and casting facility. The Si-free and Si-added steels are denoted as Cr and CrSi steels, respectively. The cast ingots were forged and caliber rolled to round bars with a diameter of 12 mm. A Bähr 805 pushrod dilatometer was used to simulate the Q&P cycles shown in Figure 1(a) . Since the partitioning of carbon is more pronounced in the presence of martensite fractions above approximately 50 vol.% [27] , the solution annealing temperature was 1050 °C where Cr-rich carbides are only partially in solution [28] .The application of a high cooling rate of 20 °C/s between annealing temperature and 500 °C intended to prevent the growth of Cr-rich carbides upon cooling. Below 500 °C, cooling rate was reduced to 3 °C/s. The possibility of applying high quench temperatures enables to track changes in the secondary Ms temperature without the need for subzero dilatometry. Quench temperature (QT) in dilatometry cycles was varied between 170 °C and 200 °C and the partitioning was done at 450 °C for 3 min. In order to compare the carbon contents of austenite in both steels at 1050 °C, Ms temperatures after annealing at 1180 °C and 1050 °C were determined by dilatometry. At 1180 °C, Cr-rich carbides are fully dissolved in the austenitic matrix [28] . Therefore, carbon concentrations of austenite at 1180 °C are equal to the nominal values in both steels. Considering that the addition of each 1 mass-% solute carbon in austenite reduces the Ms temperature of stainless steels by approximately 510 °C [23] , the carbon concentrations of austenite at 1050 °C can be estimated based on the rise in Ms temperature caused by decreasing the annealing temperature from 1180 °C to 1050 °C. The mechanical stability of RA in Q&P steels was evaluated by tensile tests. In order to enhance the stability of RA in comparison with dilatometry cycles, the carbon loss of austenite due to undissolved Cr-rich carbides was avoided by solution annealing at 1250 °C. According to [28] , this temperature is sufficiently higher than the full dissolution temperature of Cr-rich carbides in the Si-free steel (1125 °C). As shown in Figure 1 (b), the Q&P processing was simplified as the QT was equal to RT. Quenching was done with He to achieve an average cooling rate of approximately 30 °C/s between 1250 °C and 400 °C. The cooling rate was lower at temperatures near RT. Subsequently, the specimens were partitioned at 450 °C for 5 min and air cooled to RT. Tensile tests were carried out in a Zwick/Roell-UPM 1476 type universal testing machine. The crosshead displacement speed was kept constant at 1.8 mm min -1 , corresponding to an initial strain rate of approximately 8 × 10 -4 s -1 . Tensile specimens with a diameter of 6 mm and a parallel length of 36 mm were machined according to the DIN 50125 standard. At least two tensile specimens from each steel were tested at each temperature. Furthermore, in order to evaluate the solid solution strengthening effect of Si, two Q&P tensile specimens of each steel were annealed at 700 °C for 5 h and then tensile tested at RT. The martensite fraction of dilatometry specimens quenched directly from 1050 °C to RT and those of the tensile specimens before and after straining were measured by magnetic saturation measurements using a Metis MSAT device equipped with a Lakeshore 480 fluxmeter. As the only ferromagnetic phase in the microstructure, the fraction of martensite can be quantified by dividing the measured mass magnetization by the intrinsic mass magnetization of the martensitic constituent. The martensite fractions at different stages of dilatometry Q&P cycles were calculated based on the associated expansions. For this purpose, use was made of the lever rule in a manner similar to that described in [24] . The correlation between the magnitude of expansion and the fraction of martensite was established by quantifying the martensite fraction of dilatometry specimens by magnetic measurements. Transmission electron microscopy (TEM) examinations were done in a JEOL JEM-2100 type TEM with a LaB6 gun operated at 200 kV. TEM samples were prepared by mechanical polishing to a thickness of approximately 100 μm followed by twin-jet polishing at RT with an electrolyte of 5 % perchloric acid in 95 % acetic acid. Figure 2 shows the relative length changes during quenching of the steels from 1050 °C and 1180 °C. Relative length changes during quenching from 1050 °C are exemplified by two Q&P cycles with the routines shown in Figure 1(a) . The QTs are 170 °C and 200 °C for the Cr and CrSi steels, respectively. After quenching from 1180 °C, due to the full dissolution of Cr-rich carbides at 1180 °C [28] , carbon concentrations of austenite and martensite are equal to the nominal values in both steels. The Ms temperatures for the Cr and CrSi steels after annealing at 1180 °C were 124 °C and 98 °C, respectively. Due to the presence of undissolved Cr-rich carbides, the Ms temperatures are higher for the annealing temperature of 1050 °C, namely they are 260 °C and 239 °C for the Cr and CrSi steels, respectively. As an increase of 1 mass-% solute carbon in austenite depresses the Ms temperature of stainless steels by nearly 510 °C [23] , the drops of 136 °C and 141 °C in the Ms temperature can be correlated with reductions of 0.267 and 0.276 mass-% in the solute carbon content of Cr and CrSi steels, respectively. The comparable carbon losses of austenite upon the formation of Cr carbides implies that the solute carbon contents of austenite in the Cr and CrSi steels remain comparable after solution annealing at 1050 °C, which was also used as the annealing temperature for the dilatometry experiments represented in Figure 1 The stabilization of RA during Q&P processing originates from its carbon enrichment during partitioning. As a result, the austenite cooled from the partitioning temperature transforms to secondary martensite at a temperature lower than the applied QT. In the present study, the temperature interval (θ) between QT and secondary Ms temperature (marked in Figure 2 ) was used to quantify the extent of partitioning. To exclude the effect of Si addition on the Ms temperature, θ is plotted against the primary martensite fraction (fa' ), namely the fraction of martensite present before partitioning. Presence of identical primary martensite fractions ensures that the amount of carbon available for partitioning into the austenite remains comparable. The results of dilatometry Q&P cycles according to Figure 1 (a) are summarized in Figure 3 . The secondary Ms temperature for the CrSi steel quenched to 170 °C was below RT. Therefore, the associated θ could not be determined by dilatometry and is not given in Figure 3 . As shown in Figure 3(a) , the primary fa' at an identical QT is higher for the CrSi steel than it is for the Cr steel. At first glance, this might appear inconsistent since the martensitic expansions for both alloys are very similar in the vicinity of 200 °C (Figure 2) . Nevertheless, the expansion caused by martensite formation is somewhat smaller for the CrSi steel than that for the Cr steel. According to correlative dilatometry and magnetic saturation measurements, the formation of each vol.% martensite in the Cr steel is associated with an expansion of nearly 0.0094 % at RT. For the CrSi steel, this value is reduced to 0.0076 % indicating that the CrSi steel undergoes a smaller expansion upon the formation of martensite. This result agrees with the dilatometry expansions for low-alloy steels with and without Si [10] and can be related to the lattice contraction of bcc steels upon alloying with Si [29] . For the primary fa' of nearly 44 vol.%, θ in the Cr steel is higher than that for the CrSi steel. The difference in θ values for the Cr and CrSi steels is much smaller when primary fa' exceeds 50 vol.%. The maximum difference in θ of 18 °C, observed in the presence of approximately 44 vol.% martensite, corresponds to a difference in the carbon enrichment of only 0.035 mass-%. In accordance with the θ values, the difference in the secondary fa' formed in the presence of a given primary fa' is negligible for both steels. The results indicate that, in contrast to the common belief, the carbon enrichment of austenite during Q&P processing of stainless steels is not much influenced by the addition of Si. TEM investigations of the Cr steel quenched in liquid nitrogen from the solution annealing temperature of 1250 °C and tempered at 400 °C revealed the existence of M3C-type carbides in the martensitic constituent (Figure 4(a) ). As shown in Figure 4 (b), such carbides do not form in the martensite phase of the CrSi steel heat treated in the same manner. The observation of similar degrees of stabilization for the austenite in the Cr and CrSi steels (dilatometry results) indicates that the suppression of M3C formation in the martensite does not promote the extent of carbon partitioning into the RA. Therefore, either more carbon remains as solute in the martensite phase of the CrSi steel or alternative carbon-consuming processes such as segregation to defects proceed to a larger extent for the CrSi steel. The mechanical stability of RA in the steels treated by the simplified Q&P processing as shown in Figure 1 (b) was determined by tensile testing at various temperatures. According to magnetic saturation measurements, the martensite fractions prior to tensile tests were 44 vol.% and 43 vol.% for the Cr and CrSi steels, respectively. The engineering stress-engineering strain curves are shown in Figures 5(a and b) . In the studied temperature range, the CrSi steel shows both higher tensile strengths and higher tensile elongations. The temperature dependence of tensile elongation is summarized in Figure 5 (c). Both steels exhibit poor ductility at RT and 80 °C. As the temperature increases, the tensile elongation increases in both steels which is due to the enhanced austenite stability and its delayed deformation-induced transformation to martensite [30, 31] . The mechanical stability of austenite was quantified using the following equation as proposed by Sugimoto et. al. [32] :
Results and discussion
where is a parameter inversely proportional to the stability of austenite, f° is the initial austenite fraction,  is the applied true strain in tension, and fα d is the deformation-induced martensite fraction after applying the true strain . f° was calculated from the martensite fraction in the grip section by assuming a carbide fraction equal to zero. The difference in the martensite fraction between the grip and gauge sections was taken as fα d , which is given in Figure 6 (b). The local true strains shown in Figure 6 (a) were obtained based on the reduction in area of nearly cylindrical specimens taken from the gauge sections of tensile-tested specimens. The calculated parameters are plotted in Figure 6 (c) as a function of the tensile test temperature. At 20 °C and 80 °C, the CrSi steel exhibits somewhat smaller values, indicative of higher mechanical stabilities compared to the Cr steel. The difference in values becomes negligible at 160 °C and 200 °C. Due to the higher area reductions at these temperatures and the higher certainty of local strain readings based on the diameter change measurements, the values at 160 °C and 200 °C are expected to be better representatives of the mechanical stability of austenite. The negligible difference between the mechanical stability of austenite in the Cr and CrSi steels is in accordance with the dilatometry observations suggesting the inefficiency of Si addition in increasing the stability of austenite. Therefore, the importance of cementite suppression by Si addition on the efficiency of carbon partitioning might have been overestimated. The higher strength of the CrSi steel in spite of having a martensite fraction comparable to that of the Cr steel was speculated to be related to the solid solution strengthening effect of Si. In order to verify this, tensile specimens Q&P processed according to Figure 1(b) were soft annealed at 700 °C for 5 h to obtain a low carbon ferritic matrix containing dispersed M23C6 carbides. The soft-annealed steels were then tensile tested at RT (Figure 7) . The obviously higher tensile strength of the CrSi steel confirms that the higher strength of the Q&P tensile specimens of the CrSi steel may be attributed to the solid solution strengthening effect of Si. 
Conclusions
The influence of Si addition on the carbon partitioning during Q&P processing of stainless steels was investigated by the addition of 2 mass-% Si to the Fe-13Cr-0.47C steel. Q&P processing involving solution annealing at 1050 °C, quenching to various temperatures below Ms temperature, and partitioning at 450 °C was performed in a dilatometer to evaluate the influence of Si on the thermal stability of austenite. A simplified Q&P processing involving solution annealing at 1250 °C, quenching to RT, and partitioning at 450 °C, on the other hand, was applied to tensile test specimens. The mechanical stability of RA was subsequently evaluated by tensile testing at temperatures between RT and 200 °C. The following conclusions were drawn:
1. According to dilatometry results, the carbon enrichment of austenite in the partitioning step was comparable for both steels. 2. Tensile specimens of Si-added and Si-free steels have nearly equal martensite fractions after the application of simplified Q&P. The difference in the mechanical stability of steels was negligible.
3. Since martensite in the Si-added steel was confirmed to be free of M3C cementite after partitioning, the importance of cementite suppression by Si addition on the efficiency of carbon partitioning might have been overestimated. 4. The higher tensile strengths of the Q&P processed specimens of the Si-added steel can be justified by the solid solution strengthening effect of Si.
